A rteriogenesis, the outward remodeling of arteriole-arteriole anastomoses, is necessary to restore blood flow to tissue distal to an occlusion. Although angiogenesis, capillary growth from preexisting capillaries, is important for distributing existing flow, it is the caliber, number, and growth of conduit arteries (collaterals) by arteriogenesis that determines tissue viability. A number of studies have shown that hindlimb flow subsequent to femoral artery occlusion is primarily determined by these collaterals. 1 Notably, the number and size of these anastomoses varies greatly between species and tissues, resulting in different degrees of protection after arterial occlusion. 2 Additionally, genetic mouse strain differences in preexisting collaterals exist, which are of major importance for final recovery after femoral artery occlusion. 3 Despite a growing number of putative arteriogenic factors, little is known about the exact mechanisms that regulate collateral remodeling, and virtually nothing is known about the genetic program and signaling mechanisms that regulate preexisting collateral networks. 4 Mechanistically, arteriogenesis is a complex process that requires proliferation of endothelial cells (ECs) and mural cells; upregulation of adhesion molecules, like intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1; chemokines, like monocyte chemoattractant protein (MCP)-1; and membrane-associated ligands like ephrin B2 in collateral arterioles. 5, 6 Mechanical hemodynamic forces are pivotal triggers for arteriogenesis. As a consequence of a pressure drop distal to the site of occlusion, the pressure difference between the ends of the collaterals is enhanced, resulting in increased blood flow, and, consequently, a rise in both shear stress and circumferential wall tension. 7 Although shear stress is thought to be responsible for collateral remodeling during arteriogenesis, the role of circumferential wall tension in arteriogenesis is less well defined. 8, 9 In this context, the expression of several regulators of arteriogenesis, such as the transcription factor activator protein (AP)-1, MCP-1, and ephrin B2, is regulated by circumferential stretch. 6, 10 The upregulation of these genes promotes smooth muscle cell (SMC) migration and monocyte recruitment and activation, which are critical regulators of arteriogenesis and collateral vessel growth. 11 Vascular ECs are ideally positioned to serve as transducers, to relay hemodynamic and biochemical changes into molecular events in the other layers of the vascular wall. 12 EC surfaces are equipped with numerous mechanoreceptors capable of detecting and responding to shear stress, including caveolae, ion channels, integrins, receptor Tyr kinases, the apical glycocalyx, primary cilia, heterotrimeric G proteins, and intercellular junctions. 13 In this context, we previously identified a mechanosensory complex comprising platelet endothelial cell adhesion molecule (PECAM)-1, vascular endothelial (VE)-cadherin, and vascular EC growth factor receptor (VEGFR)2 that mediates EC responses to shear stress. 14 Based on the significant role of PECAM-1 in transducing shear stress in ECs in vitro and flow-mediated vascular remodeling in vivo, 15 we hypothesized that PECAM-1 plays an important role in arteriogenesis and collateral remodeling in ischemia.
Methods

PECAM-1 knockout (PECAM-1
Ϫ/Ϫ ) mice were kindly provided by Dr P. Newman (Blood Research Institute, Blood Center of Wisconsin, Milwaukee). PECAM-1 ϩ/ϩ C57/BL6 mice and PECAM-1 Ϫ/Ϫ mice had been backcrossed for Ͼ12 generations onto a C57/BL6 background. Cell culture, 16, 17 shear stress, 18 and mechanical stretch (15% strain, 1 Hz for 24 hours) 19 assays were performed as described. Unilateral hindlimb ischemic surgery procedure was as described previously. 20 Laser Doppler Imaging, postmortem angiography, morphometric analysis, blood vessel silver staining, measurement of leukocyte density and capillary density, quantitative real-time PCR, immunofluorescence, Western Blot assays, and statistical analyses are described in detail in the expanded Methods section, available in the Online Data Supplement at http://circres.ahajournals.org.
Results
PECAM-1 Regulates Acute Plantar Perfusion and Recovery After Hindlimb Ischemia
To determine the role of PECAM-1 in arteriogenesis, we subjected PECAM-1 Ϫ/Ϫ (KO) and wild-type (WT) littermates to hindlimb ischemia by ligation of the femoral artery, which triggers growth of preexisting collaterals from the deep femoral artery. 20 Blood perfusion of hind paws (plantar) was monitored with a laser Doppler imaging system before surgery (pre), immediately after surgery (acute), and 7 days (7d), and 3 weeks after surgery ( Figure  1A ). Plantar perfusion was quantified from the Doppler images and normalized to sham control side of the same animal for the comparisons of different time points. Surprisingly, we observed much higher acute plantar perfusion in PECAM-1 Ϫ/Ϫ mice than in WT mice, although plantar perfusion was higher in both genotypes after 3 weeks ( Figure 1B) . The appearance and use scores of both genotypes were similar during the 3-week recovery stages (data not shown). Quantitation of recovery revealed a 65.5% increase in plantar perfusion in PECAM-1 Ϫ/Ϫ mice from acute to 3 weeks after surgery versus a 189.8% increase in WT mice ( Figure 1B and Online Figure I ), suggesting impaired recovery in the absence of PECAM-1.
In addition to the less severe femoral artery ligation model, we also performed a more severe ischemia model, proximal lateral caudal femoral artery ligation, in a separate group of mice (Online Figure II) . PECAM-1 Ϫ/Ϫ mice showed blunted perfusion recovery compared to WT mice, similar to what we observed with the less severe model.
PECAM-1 Regulates the Lumen Diameter of Preexisting Collateral Vessels
Because conductance of the native collateral circulation regulates plantar perfusion immediately after surgery, we hypothesized that there are anatomic differences in preexisting collaterals. We performed microangiography and counted the number of arterial vessels crossing a line drawn through the center of the thigh collateral zone to determine whether PECAM-1 Ϫ/Ϫ mice have more preexisting collaterals and arterioles. Quantification revealed no differences between the 2 genotypes (not shown). Next, we measured the diameter of collaterals in the anterior and posterior gracilis muscles by histomorphometry ( Figure  2A ). Baseline diameter of PECAM-1 Ϫ/Ϫ collaterals was significantly bigger compared to WT animals. This suggests that the higher perfusion in PECAM-1 Ϫ/Ϫ mice immediately after surgery is not attributable to more collaterals, but reflects wider collaterals ( Figure 1B) . To determine whether differences in caliber is seen in other vascular beds, we examined small intestine collaterals. Interestingly, quantitation revealed wider collaterals in the intestine of PECAM-1 Ϫ/Ϫ mice (Online Figure III) . Consistent with the recovery of plantar perfusion in the WT, collateral lumen diameter significantly increased 3 weeks after surgery. In contrast, the increase in collateral diameter was attenuated in PECAM-1 Ϫ/Ϫ compared to WT (14.8% versus 58.1%; Online Figure I ).
Non-standard Abbreviations and Acronyms
The larger diameter of collateral vessels in the PECAM-1 Ϫ/Ϫ mice may reflect differences in the number, size, or orientation of ECs. We counted the number of ECs in collateral cross sections and found that the numbers were similar in both genotypes (data not shown). Next, we considered differences in size and orientation of ECs. For these studies, we isolated collateral vessels from gracilis muscles and EC borders were visualized by silver staining. In WT mice, collateral ECs displayed an elongated phenotype and were uniform in their orientation ( Figure 2B ). In contrast, PECAM-1 Ϫ/Ϫ collateral ECs were shorter, wider, and less elongated. We measured the length and width of ECs in collateral intima and confirmed that the EC width was significantly larger in PECAM-1 Ϫ/Ϫ mice (16.6 m) than in WT mice (13.6 m), and the length was significantly shorter in PECAM-1 Ϫ/Ϫ (69 m) than in WT mice (89 m; Figure 2C ). Interestingly, the ratio of collateral EC width (16.6/13.6ϭ1.22, KO versus WT) is equal to the ratio of diameter of preexisting collaterals (42.8/35.0ϭ1.22, KO versus WT). These observations suggest that the differences in diameter of preexisting collaterals reflect differences in width and orientation of collateral ECs.
Angiogenesis in PECAM-1 ؊/؊ Mice
Although baseline collateral conductance and their subsequent enlargement are the primary determinants of plantar perfusion after surgery, baseline capillary density and ischemic angiogenesis could also contribute to plantar perfusion. Interestingly, recent reports have shown a role for PECAM-1 in angiogenesis, because Matrigel implants, tumor angiogenesis, and retinal angiogenesis were inhibited in PECAM-1 Ϫ/Ϫ mice. 21, 22 To address this possibility, we measured capillary density in the gastrocnemius muscle of sham or ligated animals (Online Figure IV, A and B) . The capillary density before ligation is similar in WT and PECAM-1 Ϫ/Ϫ mice. This strengthens the suggestion from the preceding analyses that larger preexisting collateral diameter in PECAM-1 Ϫ/Ϫ mice, rather than baseline capillary density, accounts for the smaller drop in perfusion immediately after surgery. After 3 weeks of ischemia, WT mice showed a significant increase in capillary density, whereas PECAM-1 Ϫ/Ϫ mice exhibited a trend (Pϭ0.085) to increase their capillary density relative to sham controls.
Collateral Remodeling in PECAM-1 ؊/؊ Mice
The attenuated increase in perfusion recovery ( Figure 1B ) and collateral diameter (Figure 2A ) in PECAM-1 Ϫ/Ϫ mice suggested a role for PECAM-1 in arteriogenesis. This was particularly interesting in light of the requirement for PECAM-1 in shear stress signaling. 14, [23] [24] [25] [26] [27] To gain further insight into the mechanisms that regulate arteriogenesis, we evaluated proliferation and activation of the inflammatory response, because both are known to play an important role in collateral remodeling. Figure 3A illustrates the degree of EC proliferation as determined by PCNA staining of collaterals. Quantification of PCNA-positive ECs showed that there are significantly more proliferating ECs in WT mice than in PECAM-1 Ϫ/Ϫ mice 3 days after hindlimb ischemia ( Figure 3B ).
Because monocytes/macrophages are known to play an important role in hindlimb ischemia and PECAM-1 is known to facilitate leukocyte transendothelial migration, 28 we investigated the effects of PECAM-1 genetic deletion on leukocyte infiltration during hindlimb ischemia. Collaterals were immunostained for CD45, SMC ␣-actin and DAPI ( Figure 4A ). On day 3 after hindlimb ischemia, PECAM-1 deletion significantly decreased the number of CD45-positive cells as compared to wild-type littermates, suggesting that PECAM-1 deletion reduces inflammatory cell infiltration ( Figure 4B ).
To identify a mechanism for the decrease in infiltration of CD45 ϩ cells in the ischemic tissue of PECAM-1 Ϫ/Ϫ mice, we examined the nuclear factor (NF)-B pathway. Importantly, the NF-B pathway is activated by shear stress and PECAM-1 is important for flow-induced NF-B activation. 14, 15, 29 In particular, we examined activation of NF-B by assaying nuclear translocation of the p65 subunit ( Figure 5A ) and downstream intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 upregulation. As shown in Figure 5B and 5C, ECs from WT collaterals showed nuclear accumulation for the p65 subunit of NF-B, whereas ECs from PECAM-1 Ϫ/Ϫ mice showed cytoplasmic localization for NF-B. Additionally, although we did not observe any differences in VCAM-1 or ICAM-1 staining in sham collaterals, expression of both cell adhesion molecules in ligated collaterals was much lower in PECAM-1 Ϫ/Ϫ compared with WT animals ( Figure 5B and 5C ). Taken together, these results demonstrate that lack of PECAM-1 signaling leads to a disruption of the NF-B pathway and a reduction in inflammatory cell accumulation during collateral remodeling.
Responses to Cyclic Stretch
PECAM-1
Ϫ/Ϫ mice have impaired collateral remodeling, yet show some perfusion recovery, albeit blunted compared to WT mice. Although we cannot exclude a role for other mechanosensors in the attenuated perfusion recovery in the PECAM-1 Ϫ/Ϫ mice, we considered the complex hemodynamic environment in collaterals after ligation. Collective evidence suggests that shear stress and circumferential wall strain act together to alter the hemodynamics which govern arteriogenic remodelling. 30 We therefore examined the role of PECAM-1 in mediating EC responses to circumferential stretch.
First, we used an in vitro system to apply cyclic stretch to ECs that express (PE-RC) or lack (PE-KO) PECAM-1. PE-RC and PE-KO ECs were exposed to cyclic stretch (1Hz, 15% strain for 24 hours) to allow alignment of actin stress fibers, which was assessed by staining with TRITCphalloidin ( Figure 6 ). These assays showed that ECs expressing PECAM-1 oriented their cytoskeletons perpendicular to the stretching direction, consistent with previous reports. [31] [32] [33] Similarly, PECAM-1 null ECs were also oriented perpendicular to the stretch direction, suggesting that PECAM-1 null ECs are able to respond to stretch.
We further tested this hypothesis by examining expression of ephrin B2 and MCP-1, which are 2 proteins previously shown to be upregulated during arteriogenesis because of circumferential wall strain. 6,10 MCP-1 and ephrin B2 abundance in sham collaterals was rather low; however, we noticed a marked increase in MCP-1 and ephrin B2 expression in response to ligation in collaterals from both genotypes ( Figure 7A and 7B) . Although some groups reported upregulation of MCP-1 and ephrin B2 by shear stress, 34 others reported only a transient upregulation 35 or even downregulation of their expression by shear stress. 36 -38 We examined MCP-1 and ephrin B2 expression at the mRNA and protein levels in ECs subjected to cyclic stretch (15% strain, 1Hz) or laminar shear stress (12 dynes/cm 2 ) for 24 hours. We observed a robust increase in MCP-1 and ephrin2 mRNA levels in both PE-RC and PE-KO ECs in response to cyclic stretch compared with static controls ( Figure 7C ). Prolonged cyclic stretch also resulted in an increase in ephrin B2 protein levels in both cell types ( Figure 7D) ; however, we did not observe changes in MCP-1 expression in cell lysates (data not shown), possibly because of secretion of MCP-1 in the culture media. 39 Importantly, we did not observe upregulation of MCP-1 or ephrin B2 by shear stress in either cell type. These results therefore demonstrate that PECAM-1 is not required for expression of ephrin B2 and MCP-1 during arteriogenesis, possibly because of a lack of requirement of PECAM-1 for EC responses to circumferential stretch.
Discussion
Physical forces are pivotal triggers for arteriogenesis. 30 Mechanical forces caused by the altered blood flow in response to an occlusion lead to the induction of collateral remodeling. PECAM-1 is thought to be involved in flow mechanosensing or transduction, based on changes in its phosphorylation with altered flow and in vitro and ex vivo experiments showing PECAM-1-dependent activation of flow-mediated intracellular signaling pathways. 14, [23] [24] [25] [26] [27] More recently, our group demonstrated a role for PECAM-1 in flow-mediated vascular remodeling and intima-media thickening in vivo. 15 In light of the view that arteriogenesis is a predominantly shear stress-mediated remodeling process and the importance of PECAM-1 in transduction of shear stress signaling, we hypothesized that PECAM-1 Ϫ/Ϫ animals would have impaired ischemiainduced arteriogenesis. Our data show that PECAM-1 contributes to multiple steps involved in collateral remodeling, in particular, activation of the NF-B pathway and downstream inflammatory cell accumulation. Consistent with these findings, PECAM-1 mediates shear stressinduced NF-B activation in vitro and in vivo. 14, 15, 29 A possible explanation for the impaired recovery might be deficits in shear stress-induced signaling in the PECAM-1 Ϫ/Ϫ animals. Another equally plausible possibility is that the PECAM-1 Ϫ/Ϫ mice already have higher perfusion acutely, thus meeting tissue perfusion demands even in the face of reduced collateral remodeling. Likewise, it is possible that PECAM-1 Ϫ/Ϫ collaterals experience lower shear stress because of their larger size, thus lacking a key stimulus for remodeling. To address this, we created a shunt between the distal stump of the occluded femoral artery and the accompanying vein to increase shear stress. 30 Importantly, although the higher shear stress greatly stimulated arteriogenesis in the WT, PECAM-1 Ϫ/Ϫ mice showed reduced perfusion recovery (data no shown), suggesting impaired remodeling even in the presence of increased shear stress.
It is thought that hemodynamic forces and, in particular, fluid shear stress is the primary morphogenic physical factor that induces collateral remodeling. 40 ECs are equipped with numerous mechanoreceptors capable of detecting and responding to shear stress, and, thus, regulating perfusion recovery in response to ischemic insult, including caveolae, ion channels, integrins, receptor Tyr kinases, the apical glycocalyx, primary cilia, heterotrimeric G proteins, and intercellular junctions. It is therefore possible that in the absence of PECAM-1, other mechanosensors kick in and facilitate the blunted, albeit significant, perfusion recovery. Although we cannot rule out this possibility, we considered that the vessel wall is exposed to both shear stress and circumferential stretch during arteriogenesis. Based on Poiseuille's equation, progressive stenosis of the main artery will lead to an increase in resistance hence a significant drop in pressure distal to the site of occlusion. As a consequence, the pressure difference between both ends of the collateral arterioles is enhanced, resulting in increased flow 41 and, consequently, a rise in both shear stress and circumferential wall tension, which may act in concert on the collateral blood vessels. There is accumulating evidence that these altered hemodynamics to which the arteriolar vessel wall is exposed to initiate arteriogenesis. 30 Whereas a requirement for PECAM-1 in shear stress responses is well established, its role in circumferential stretch is unknown. Our data show that PECAM-1 is not only dispensable for stretch-induced EC alignment, but also for stretch-induced expression of ephrin B2 and MCP-1, which are 2 proteins previously shown to be upregulated during arteriogenesis because of circumferential wall strain.
An unexpected finding of this study was that PECAM-1 Ϫ/Ϫ animals show increased perfusion immediately after surgery. This increased perfusion is not attributable to more collaterals but, instead, reflects wider collaterals. Although virtually nothing is known about the genetic and environmental factors that specify collateral formation, recent reports have identified 2 genes that specify preexisting collateral numbers (VEGF and CLIC4). 42, 43 Here, we identify PECAM-1 as the first molecule that determines preexisting collateral diameter in skeletal muscle. We hypothesized that the larger diameter of collateral vessels in the PECAM-1 Ϫ/Ϫ mice may reflect differences in the morphology or orientation of ECs. We therefore developed a method to isolate collaterals and visualized EC morphology. Surprisingly, WT collateral ECs were elongated and uniformly oriented, whereas KO ECs were less elongated and wider, thus contributing to the larger lumen diameter. Importantly, it has been proposed that flow-evoked remodeling processes determine the number, and possibly diameter, of preexisting collaterals during embryonic development. 44 Our own work has pointed to PECAM-1 as an important regulator of shear stress-induced cell alignment. 14 In contrast, ECs are able to align in response to cyclic stretch independently of PECAM-1. Importantly, PECAM-1 has also been shown to regulate the activity of Rho family GTPases, 45 which are known to be master regulators of the cytoskeleton and, thus, regulate processes such as cell shape, adhesion, and migration. 46 Consistent with this, our own preliminary data show decreased Rho activation in the absence of PECAM-1 (E.T., unpublished data, 2010). It is therefore possible that the wider collateral diameter in the PECAM-1 Ϫ/Ϫ mice is attributable to differential activation of Rho GTPases, which, in turn, regulate cell shape via their effects on the cytoskeleton. Alternatively, the endothelial nitric oxide synthase (eNOS)/NO pathway might be worthy of consideration. An interesting recent study reported dilated vessels in the retinal vasculature of PECAM-1 Ϫ/Ϫ mice, which mechanistically might be associated with dysregulation of eNOS. 22 Moreover, PECAM-1 has been shown to regulate eNOS activity, which in turn affects vessel structure. 26, 27, 47 Interestingly, it has been reported that the activity of Rho GTPases can be controlled by the level of NO via changes in their phosphorylation. 48, 49 Further studies are required to define when and how PECAM-1 regulates collateral formation, as well as the downstream pathways that stabilize and maintain collaterals. 
What New Information Does This Article Contribute?
• PECAM-1 null mice show reduced collateral remodeling because of deficits in shear stress-induced signaling, including activation of the nuclear factor (NF)-B pathway and inflammatory cell accumulation.
• PECAM-1 regulates the caliber of preexisting collaterals and is identified as the first molecule that determines preexisting collateral diameter.
Collaterals are small arterioles that serve as alternate routes of blood supply in the face of an obstruction by connecting 2 larger arteries. The density and diameter of preexisting collateral networks and their ability to grow and remodel are critical factors that determine restoration of blood flow. Mechanical forces (shear stress and circumferential stretch) caused by the altered blood flow in response to an occlusion are critical regulators of collateral remodeling. Vascular endothelial cells are equipped with numerous mechanoreceptors capable of detecting and responding to changes in blood flow, including PECAM-1. In this study, we demonstrate impaired perfusion recovery from femoral artery ligation in PECAM-1-deficient mice. This was associated with deficits in shear stress-induced signaling, such as activation of the NF-B pathway and inflammatory cell accumulation, but normal responses to circumferential stretch. Unexpectedly, PECAM-1-deficient animals showed increased perfusion immediately after ligation, because of the presence of larger diameter collateral vessels. Further studies are required to define when and how PECAM-1 regulates collateral formation, as well as the downstream pathways that stabilize and maintain collaterals.
